People with low back pain (LBP) alter their motion patterns during level walking and stair climbing due to pain or fear. However, the alternations of load sharing during the two activities are largely unknown. The objective of this study was to investigate the effect of LBP caused by lumbar disc herniation (LDH) on the muscle activities of 17 main trunk muscle groups and the intradiscal forces acting on the five lumbar discs.
Background
Low back pain (LBP) is one of the most prevalent diseases afflicting people today. The lifetime prevalence of LBP is high and more than 70% of adults have suffered LBP at some time in their lives [1] [2] [3] . An abnormal motion pattern has been observed in people with LBP [4] . Moreover, the disabilities related to LBP are frequently associated with changes in the biomechanics of the lumbar spine.
Level walking and stair climbing are two common and inevitable activities of daily living (ADL). Most previous studies have mainly focused on the kinematic alternation in LBP patients during these two ADLs. It has been shown that LBP patients reduce trunk rotation [5, 6] and diminish the change in pelvis-thorax coordination from more in-phase to more antiphase [7] in the transverse plane, and spend more of the gait cycle in-phase coordination in the frontal plane [8] during level walking. Also, the range of motion (ROM) in the lumbar region has been found to have a reduction in LBP patients during stair climbing [9] .
The kinematic alternation is usually accompanied by the kinetic adaptation during level walking and stair climbing. However, most kinetic studies investigating the kinetic alternation due to LBP have mainly focused on lifting activities [10] [11] [12] [13] [14] [15] . Moreover, the spinal loads have mainly been simulated on only one lumbar segment unit such as L5S1. It has been shown that LBP patients display greater shear force and compressive force on L5S1 during lifting. Two previous kinetic studies have investigated the abnormal spinal loads during level walking [16, 17] . However, the study patients were limited to the amputees. Other studies have reported on the abnormal muscle activities in LBP patients during level walking [18] [19] [20] [21] , but the analysis of muscle activity was mainly based on electromyography (EMG) measurements. The EMG recording from a muscle only indicates the electrical activity of the muscle but cannot provide information on the muscle force. In addition, many of the spinal muscles, such as deep muscles, are difficult to reach in vivo by EMG measurement. As for stair climbing, none of the previous studies in the literature have investigated abnormal trunk muscle activities in LBP patients during ADL. Many factors could induce LBP, such as lumbar disc herniation and spondylolisthesis. Different subgroups of LBP patients have reported adopting different adaptive strategies for LBP [22] [23] [24] .
Thus, the purpose of this study was to investigate the impact of LBP induced by lumbar disc herniation (LDH) on the compressive forces, anteroposterior shear forces, and mediolateral shear forces acting on every lumbar disc and the maximum muscle activities of seventeen main trunk muscle groups during level walking and stair climbing.
Material and Methods

Study setting and design
This study was conducted at the Gait Analysis Laboratory in Shenzhen Second People's Hospital from April 2016 to October 2016. The participants in this study included healthy adults and patients who were diagnosed with lumbar disc herniation. The healthy adults were recruited if they met the following criteria: a) no obvious motor dysfunction, b) no surgery in the recent one year, c) no back pain or lumbar disc herniation, d) no strenuous exercise 24 hour before trials. The selected patients had to meet the following criteria: a) the patients were diagnosed with lumbar disc herniation in the course of discopathy in lumbar spine. The diagnosis was made by at least two specialist orthopedic surgeons and confirmed by x-ray imaging and MRI. b) The disc herniation was diagnosed to occur at the lower lumbar level by MRI. c) The patients had the ability to conduct level walking and stair climbing. In the examination, the patients were required to attempt to walk and climb stairs. They were deemed to maintain the movement ability if they could perform at least 20 gait cycles. This study was approved by Shenzhen Second People's Hospital and written informed consent was obtained for every participant.
Protocol and testing procedure
Prior to the experiment, the participant lay prone on the bed. One surgeon helped to find and locate the major landmarks on spine and pelvis. In this study, the landmarks included the third and seventh spinous process of the thoracic vertebra (T3, T7), the first, third, and fifth spinous process of lumbar vertebra (L1, L3, L5), the left posterior superior iliac spine, the right posterior superior iliac spine, and the iliac crest. Then, optical markers were placed on these landmarks and captured by Optotrak Certus motion analysis system (Northern Digital Inc., Ontario, Canada) at the rate of 100 Hz throughout the whole experiment. The detailed placements are illustrated in Figure 1A. Before the trial of level walking and stair climbing, the participants were kept standing in a neutral position for at least five seconds for data collection to obtain baseline. Afterwards, the same surgeon demonstrated the requirements for level walking and stair climbing and then guided the participants to practice the two activities until they felt that they could carry out each activity naturally. The schematics of the level walking and stair climbing are showed in Figure 1B . Participants repeated each activity three times for data collection.
Musculoskeletal model and simulation
A generic FacetJointModel model in the Anybody Managed Model repository (AMMR, version 1.6) of Anybody Modeling System (Anybody Modeling System version 6.0.6, Aalborg, Denmark) was selected for its ability to predict the forces in a redundant system. In addition, the model includes more than one hundred muscle fascicles and all lumbar intervertebral joints in the spinal region. The model has been described and validated in the literature [25, 26] . In brief, the model contained pelvis, five lumbar vertebrae, one lumped thoracic segment, and one lumped cervical segment. These segments were connected with spherical joints, and the location of each joint was based on the work by Pearcy and Bogduk [27] . In addition, the model featured the 17 main muscle groups in the spinal region: left and right erector spinae (ES), left and right lumbar multifidus (LMF), left and right thoracic multifidus (TMF), left and right semispinalis (SS), left and right oblique externus (OE), left and right internal externus (IE), left and right psoas major (PS), left and right quadratus lumborum (QL), and rectus abdominis (RA). Each muscle group consists of many muscle fascicle. The muscle fascicle force was solved as force component by minimum-maximum optimization algorithm and could only exert tensile force [25, 26, 28] . In the AnyBody Model System, muscle activity of every muscle fascicle was represented by the ratio of muscle fascicle force to its strength.
In the AnyBody Model System, the default spine rhythm was applied to drive the lumbar segmental motion. So only the determination of thoracic motion was essential. However, the default spine rhythm could not express the difference of intervertebral motion in healthy individuals and LDH patients. Therefore, the model was developed and driven by the captured markers' coordinates. Since the determination of each segmental motion needed at least three points, the movements of the L2, L3, and L4 were determined by intervertebral joint, real marker and virtual marker. The virtual marker was determined by attributing different weights to the real markers ( Table 1) . The L1 and L5 were driven using the default coefficient of spine rhythm with respect to the adjacent lumbar vertebra. Table 1 . The weight of markers in trunk section for lumbar vertebrae and thoracic segment.
Thx -the whole thoracic segment; L1 -the first lumbar vertebra; L2 -the second lumbar vertebra; L3 -the third lumbar vertebra; L4 -the fourth lumbar vertebra; L5 -the fifth lumbar vertebra; T3 -the third thoracic vertebra; T7 -the seven thoracic vertebra.
Data analysis
The output variables of the musculoskeletal simulation included the maximum muscle activity (MMA) of every main muscle groups and the compressive force, anteroposterior shear force, and mediolateral shear force of every lumbar intervertebral disc. The gait cycle was defined as the time interval between subsequent heel strikes of the same leg for both level walking and stair climbing. The data of every variable were time normalized and re-sampled using a cubic spline interpolation to 0-100% of the gait cycle. In this study, the variable of every participant was the average of three trials. All data analysis, except simulation, was completed using custom procedure implemented in MATLAB software (The MathWorks, Natick, MA, USA).
Results
Demographic data
We recruited 26 healthy male adults (mean age 23.6 (SD 1.92) years; height 169.9 (SD 5.9) cm; weight 63.5 (SD 8.4) kg) and seven male LDH patients (mean age 28.7 (SD 4.5) years; height 170.1 (SD 3.4) cm; weight 67.4 (SD 5.3) kg). The disc herniation was found to happen at the L4L5 level in 3 out of 7 cases, at the L5S1 level in 3 out of 7 cases and at both L4L5 and L5S1 level in 1 out of 7 cases.
Maximum muscle activities of the seventeen main trunk muscle groups
Figures 2 and 3 shows the maximum muscle activities (MMAs) of 17 main trunk muscle groups during level walking and stair climbing, respectively. Compared with healthy people, the MMAs of all eight main back muscle groups and eight of nine main front muscle groups were significantly larger in LDH patients during level walking ( Figure 2 , Table 2 ). During stair climbing, the MMAs of left and right ES, left and right LMF, right TMF, right SS, left and right EO, left and right IO, and left PM varied with time points (Figure 3 ). The other muscle groups showed greater MMAs in LDH patients than healthy participants throughout the gait cycle ( Figure 3 ). In addition, all the 17 muscle groups' mean MMAs were larger in LDH patients than healthy participants (Table 2) . Moreover, the differences were significant (p<0.05) in 12 of 17 muscle groups (Table 2) .
Intradiscal forces
During level walking, LDH patients exhibited smaller anteroposterior shear forces acting on the two discs in the pathological region and larger anteroposterior shear forces acting on the other three discs in terms of the magnitude ( Figure 4 , Table 2 ).
The compressive forces acting on all the five lumbar discs were significantly larger in LDH patient than healthy participants ( Figure 4 , Table 2 ). During stair climbing, there was no significant difference in the compressive forces and anteroposterior shear forces between LDH patients and healthy participants ( Figure 5 , Table 2 ). However, the symmetry center of the mediolateral shear forces acting on the five discs all significantly offset laterally ( Figure 5 , Table 2 ).
Discussion
This study aimed to investigate the kinetic compensatory response to lumbar disc herniation during level walking and stair climbing. The kinetics involved the maximum muscle activities of 17 main muscle groups in the spinal region and the compressive forces, anteroposterior shear forces, and mediolateral shear forces acting on every lumbar disc. We explored three hypotheses, a) LDH patients would decrease anteroposterior shear forces and increase compressive forces in the pathological region during level walking; b) adaptive alteration of spinal loads for LDH mainly focused on mediolateral forces during stair climbing; c) there were more trunk muscle activities in LDH patients during the two ADLs. The finding in this study indicated that LDH patients reduced anteroposterior shear forces and increased compressive forces acting on the discs in the pathological region during level walking, supporting the first hypothesis. In addition, the patients increased anteroposterior shear forces and compressive forces on the upper lumbar discs. The MMAs of the majority of the 17 muscle groups were found increased in LDH patients during level walking, supporting the third hypothesis. Similar to level walking, the LDH patients also increased MMAs of most muscle groups but worsened the symmetry of all the five lumbar discs' mediolateral shear forces during stair climbing, which was in agreement with the second and third hypotheses. No significant differences in compressive forces and anteroposterior shear forces were found between LDH patients and healthy participants, favoring the second hypothesis.
During level walking, the attempt to reduce shear forces in the pathological region was an adaption of the guarding mechanism. The annulus fibrosus tissue of the intervertebral disc has an interlamellar structure, which has been deemed especially sensitive to shear force [29] . Moreover, the intervertebral disc's tolerance to shear loading is much lower than to compression [30] . Therefore, to protect the intervertebral discs in the pathological region and avoid provoking painful tissue, patients decreased the anteroposterior shear forces. But the costs of this decrease were the increase in the compressive forces on every lumbar disc and the increase in anteroposterior shear forces on the upper lumbar discs. Greater spinal load and repetitive lumbar flexion-extension increases the risk of LDH development [31, 32] , thus it would be better for LDH patients to conduct some interventions to decrease the spinal load before symptomatic development. As part of the trunk system, the musculature plays a critical role in stabilizing the spinal motion. In the Panjabi's stabilizing theory [33] , the neural control unit subsystem would coordinate the spinal column subsystem and spinal muscle subsystem to sustain the dynamic spinal stability. Therefore, the adaptive alteration in intradiscal forces is needed for the adaptive response in muscle activities. In this study, LDH patients displayed greater muscle forces in all the back muscle groups and the majority of the front muscle groups, findings which were in agreement with the tendencies in the EMG analysis [19, 34] . Also, the adaptive response in muscle activities in this study was 3873 Table 2 . The mean of maximum muscle activities of each muscle group, the compressive force, the anteroposterior shear force and the mediolateral shear force of each lumbar intervertebral disc during level walking and stair climbing.
ES -erector spinae; LMF -lumbar multifidus; TMF -thoracic multifidus; SS -semispinalis; OE -oblique externus; IE -internal externus; PS -psoas major; QL -quadratus lumborum; RA -rectus abdominis; CF -compressive force; AF -anteroposterior shear force; MF -mediolateral shear force. 
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consistent with Van's guarding hypothesis that deemed elevated lumbar muscle activities as a guarded response in LBP patients during level walking [19] .
During stair climbing, the ROM of the lumbar spine in the frontal plane has been shown to have no significant difference from that during level walking [35, 36] . But stair climbing requires more pelvic oblique at the initial and final part of the gait cycle [37] . In LDH patients, the greater oblique might increase the risk of provocation of painful tissue and further lead to excessive pelvic oblique and lumbar lateral bending throughout the gait cycle. This kinematic alternation would induce the offset in mediolateral shear force, which would be consistent with the current finding that the mediolateral shear forces acting on the five lumbar discs all offset away from zero in LDH patients. Similarly, to stabilize the spinal system, the majority of the muscle groups demonstrated more muscle activities in LDH patients during stair climbing. One noteworthy point was that larger pelvic oblique at the initial and final part of the gait cycle was in accordance with larger muscle activities at these part of the gait cycle, indicating that the alternations of muscle activities were mainly adaptive for abnormal spinal movement in the frontal plane.
Conclusions
The kinetic compensatory responses to lumbar disc herniation were different in level walking and stair climbing. However, both adaptions had negative impacts on the comprehensive spinal loadings and added to the burden on musculature. The adaptations found in this study might be a suboptimal load sharing for LDH patients. However, given the repetitive and inevitable nature of level walking and stair climbing, perpetually elevated loading likely increased the risk of the worsening of lumbar disc herniation. So, it is better for these patients to undergo some interventions before severe disability occurs. In the future, we will investigate the improvement of load sharing after different interventions for lumbar disc herniation.
